When
human monocyte-derived leukemia (THP-1) cells, which are floating cells, are stimulated with lipid peroxides, or Streptococcus suis, these cells adhere to a plastic plate or endothelial cells. However, it is unclear whether or not nonstimulated THP-1 cells adhere to collagen vitrigel membrane (CVM). In this study, firstly, we investigated the rate of adhesion of THP-1 cells to CVM. When THP-1 cells were not stimulated, the rate of adhesion to CVM was high. Then, to identify adhesion molecules involved in adhesion of THP-1 cells to CVM, expressions of various cell adhesion molecules on the surface of THP-1 cells adhering to CVM were measured. β-actin, β-catenin, and β1-integrin expressions did not change in non-stimulated THP-1 cells cultured on CVM compared with those in cells cultured in a flask, but β2-integrin expression markedly increased.
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β2-integrin; F-actin; adhesion Human monocyte-derived leukemia (THP-1) cells are floating cells. These cells can adhere to a plastic plate coated with intercellular adhesion molecule-1 (ICAM-1). Asai et al. reported that phosphatidylcholine hydroperoxide promoted adhesion of THP-1 cells to an ICAM-1-coated plastic plate, and a distinctively protruding F-actin-rich cell membrane structure was formed. 1) Furthermore, Rupasinghe et al. reported that THP-1 cells which differentiated into macrophage-like cells due to stimulation with phorbol 12-myristate 13acetate (PMA) were able to adhere to a plastic plate. 2) However, it is unclear whether or not non-stimulated THP-1 cells adhere to collagen vitrigel membrane (CVM). CVM is known as a culture carrier for nonstimulated hepatocytes and fibroblasts, and it is constituted with high-density collagen fibers comparable to connective tissue in the body. CVM is prepared through the following 3 processes: In the first gelation process, opaque soft gel is formed from type 1 collagen sol. In the following vitrification process, the gel surface is dried so as to add sufficient strength to the gel. In the final rehydration process, water is added to the vitrified membrane, through which it changes to a permeable thin gel film with sufficient strength. 3) CVM is known as a useful culture carrier. For example, (1) its handling is easy, (2) different types of cells can be cultured on both surfaces of CVM, so that a 3-dimensional cultured crosstalk model with a paracrine effect can be reconstructed, and (3) it has high ability to adhere to hepatocytes and fibroblasts. [3] [4] [5] [6] [7] [8] In this study, we firstly investigated the rate of adhesion of THP-1 cells to CVM.
Various cell adhesion molecules are involved in adhesion between THP-1 and endothelial cells. Yu et al. reported that amlodipine reduces adhesion between THP-1 and umbilical vascular endothelial cells through reducing β1-integrin expression. 9) Sanding et al. reported that F-actin was expressed around the THP-1 cell membrane and mediated adhesion between THP-1 and endothelial cells. 10) AL-Numani et al. reported that when THP-1 cells were stimulated with S. suis, their adhesion to endothelial cells was enhanced, and ICAM-1 and β2-integrin expressions were also enhanced. 11) However, no study on adhesion molecules involved in adhesion of THP-1 cells to CVM has been reported.
Thus, secondly, to identify adhesion molecules involved in adhesion of THP-1 cells to CVM, expressions of cell adhesion molecules on the surface of *Corresponding author. Email: uchino@nihs.go.jp Abbreviations: ATCC, American Type Culture Collection; CVM, Collagen vitrigel membrane; DAPI, 4′,6-Diamidino-2-phenylindole dihydrochlo-THP-1 cells adhering to CVM were measured using real-time PCR and staining of cells.
Materials and methods

Cells.
Human monocytic leukemia cell line (THP-1) cells were purchased from American type culture collection, Manassas, USA.
Reagent.
4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) was purchased from Sigma-Aldrich, Japan. F-actin was purchased from Tokyo Medical Industry Co., Ltd. RPMI-1640, fetal bovine serum (FBS), and 2-mercaptoethanol were purchased from Thermo Fisher Scientific. Buffer RLT Lysis buffer was purchased from Qiagen Sciences, Maryland, USA. The other reagents were purchased from Wako Pure Chemical Industries, Ltd.
Staining with Calcein-ethidium homodimer. CVM chambers (outer diameter: 1.3 cm, inner diameter: 1.1 cm) 12) applied with silicone-coated polyethylene terephthalate film 13) provided by Mr. Hirayama of Yutoku Pharmaceutical Ind. Co., Ltd. (1.6 × 1.6 cm) were placed in a 6-well plate, and THP-1 cells (1.4-6 × 10 5 cells/mL) were suspended with 0.25 mL of medium containing 0.1% 2-mercaptoethanol (RPMI 1640-10% FBS) and seeded ( Fig. 1 ).
After incubation for 24 h, the culture medium was removed, and the chamber was washed 7 times with 0.25 mL of medium. Cells remaining on the CVM were counted under a microscope before and after washing. The THP-1 cells were then stained with Calceinethidium homodimer and observed under a fluorescence microscope at an excitation wavelength of 490 nm and fluorescence wavelength of 515 nm (Figs. 1 and 2).
Measurement of ratio of adhesion cells.
Siliconecoated polyethylene terephthalate film-applied CVM chambers were placed in a 6-well plate, and THP-1 cells (6 × 10 5 cells/mL) suspended with 0.25 mL of medium were seeded in the CVM chambers. After incubation for 24 h, the culture medium was removed, and the chamber Staining with rhodamine-phalloidin solution and DAPI. The cells after above experiments were then washed twice with 0.5 mL of PBS, combined with 0.5 mL of 10% neutral buffered formalin, and fixed. The THP-1 cells were stained with rhodaminephalloidin solution and DAPI. After 5 min, siliconecoated polyethylene terephthalate film was removed, the CVM was embedded, and cells were observed under a confocal laser microscope at an excitation wavelength of 550 nm and fluorescence wavelength of 575 nm ( Fig. 5(b) ).
CVM chambers were placed in a 12-well plate, and THP-1 cells (6 × 10 5 ells/mL) suspended with 0.25 mL of medium containing 10 ng/mL phorbol 12-myristate 13-acetate (PMA: as positive control) were seeded in the CVM chambers.
After incubation for 24 h, the cells were fixed with formalin, stained with rhodamine-phalloidin solution and DAPI, and observed under a confocal laser microscope as described above (Fig. 5(c) ).
To a 1.8-mL tube, 1 mL of THP-1 cell suspension (1.5 × 10 6 cells/mL) collected from a T-75 flask was added and centrifuged at 700 g for 3 min. The supernatant was removed, and the precipitate was dispersed in 1 mL of PBS. The suspension was centrifuged again at 700 g, the supernatant was removed, and the precipitate was dispersed (washing). The cells were then fixed with formalin, stained with rhodamine-phalloidin solution and DAPI as described above, embedded in a watersoluble embedding agent, and observed under a confocal laser microscope as described above (Fig. 5(a) ).
Measurement of expression of cell adhesion molecules.
Silicone-coated polyethylene terephthalate film-applied CVM chambers were placed in a 6-well plate, and THP-1 cells (6 × 10 5 cells/mL) suspended with 0.25 mL of medium were seeded in the CVM chambers, or CVM chambers were placed in a 12-well plate, and THP-1 cells (6 × 10 5 cells/mL) suspended with 0.25 mL of medium containing 10 ng/mL PMA were seeded in the CVM chambers. After incubation for 24 h, the CVM chamber was washed twice with 0.25 mL of medium and combined with 0.35 mL of RLT to extract mRNA. The expression levels of β-actin, β-catenin, β1-integrin, β2-integrin, E-cadherin, and VE-cadherin were measured using quantitative polymerase chain reaction (q-PCR) ( Fig. 6) .
To a 1.8-mL tube, 0.5 mL of THP-1 cell suspension (3 × 10 6 cells/mL) collected from a T-75 flask was added and centrifuged at 700 g for 3 min. The supernatant was removed, and the precipitate was resuspended with 0.5 mL of PBS. The suspension was centrifuged again, the supernatant was removed, and the precipitate was dispersed as described above. The precipitate was combined with 0.35 mL of RLT, and the expression levels of β-actin, β-catenin, β1-integrin, β2-integrin, E-cadherin, and VE-cadherin were measured using q-PCR ( Fig. 6 ).
q-PCR. RNA was extracted using RNeasy Mini Kit (QIAGEN, Hilden, Germany).The cDNA was generated by reverse-transcription (RT) using High-Capacity RNAto-cDNA (tm) Kit (Thermo Scientific Inc. Waltham, MA). The RT reaction used 1 μg of total RNA. RT was accomplished by incubation at 37°C for 60 min followed by enzyme inactivation at 95°C for 5 min for stopping. For q-PCR reaction, a total reaction volume of 20 μL was achieved by mixing RT product, TaqMan® Fast Advanced Master Mix(Thermo Scientific Inc., Waltham, MA), TaqMan® Gene Expression Assay primer-probe mix (Thermo Scientific Inc., Waltham, MA), and appropriate volume of nuclease-free water. q-PCR reaction was performed on a Quant Studio 7 Flex (Thermo Scientific Inc.) Product No. of TaqMan® Gene Expression Assays were as followes β-actin: Hs01060665_g1 β-catenin: Hs00355049_m1 β1-integrin: Hs00559595_m1 β2-integrin: Hs00164957_m1 E-cadherin: Hs01023894_m1 VE-cadherin: Hs00901463_m1
Statistical analysis.
Significance of differences from the control was analyzed using Student's t-test.
Results
The adhesion rate of cells passaged 9 times was slightly higher after incubation for 24 h (1.5 × 10 5 cells/ chamber: 86%) than those after 0.5 (71%) and 48 (74%) h. When 0.35, 1.0, and 1.5 × 10 5 cells were seeded per chamber, the numbers of cells remaining on the CVM after culture for 24 h and washing 7 times were 0.5, 1.1, and 1.7 × 10 5 , respectively.
After 24-h culture on CVM, almost all THP-1 cells were not detached by washing 7 times and they strongly adhered to CVM. The cell membrane was impaired only in few cells (damaged cell ratio was under 2%) in photographs of cells stained with Calcein-ethidium homodimer (Fig. 2) .
The adhesion rate of cells passaged 10 times or less was high (70-85%), but that of cells passaged 11 times or more was 50% or lower ( Fig. 3) . Thus, we specified cells passaged 10 times or less for experiments thereafter.
The adhesion rate of THP-1 cells after incubation for 24 h on film-applied CVM was markedly higher than that without film (Fig. 4) .
The size of THP-1 cells cultured on CVM (mean ± SD major axis: 21 ± 5 μm) and those cultured on CVM in the presence of PMA as positive control (mean ± SD major axis: 18 ± 3 μm) were larger than those cultured in a culture flask (mean ± la major axis: 13 ± 3 μm) ( Fig. 5 ). F-actin was expressed on the cell membrane of THP-1 cells cultured either on CVM and or in a culture flask (Fig. 5 ).
No significant difference was noted in the β-actin, β-catenin, or β1-integrin expression level between THP-1 cells cultured on CVM and in a flask, but the β2-integrin expression level significantly increased (Fig. 6 ). E-and VE-cadherin were not detectable (data not shown).
Discussion
When THP-1 cells were seeded on CVM, most cells remained on CVM after washing 7 times, suggesting that CVM is a useful culture carrier for THP-1 cells. Sawane et al. reported that expression of cell adhesion molecules on lymphatic vessels decreases with cellular senescence, weakening adhesion between lymphatic endothelial cells and extracellular matrix. 14) Based on these findings, we consider that cellular senescence reduced the adhesion rate of THP-1 cells passaged 11 times or more. Their adhesion rate was 50% or lower, suggesting that cells passaged 10 times or less are appropriate for the experiment. Meanwhile, it is known that minute wrinkles were formed in the CVM surface without the use of film and consequently the adhesion between CVM and HepG2 cells was reduced. 15) The application of silicone-coated polyethylene terephthalate film removes these wrinkles, which may have markedly increased the rate of adhesion of THP-1 cells to CVM compared with that without film. This type of adhesion is supposed to be specific for CVM because no adhesion was found between collagen gel and THP-1 cells.
Human integrin is a heterodimer consisting of α and β subunit. There are 24 types of human integrin (12 types of β1-integrin((α1~11β1, αVβ1), 4 types of β2-integrin(αDβ2, αLβ2, αMβ2, αVβ2), 2 types each of β3and β7-integrin, and one type each of β4-, β6-, and β8-integrin). [16] [17] [18] β2-integrin is present on T-cells, monocytes, and neutrophils and involved in adhesion between monocytes and granulocytes and endothelial cells. On the other hand, β1-integrin is present on not only monocytes but also other cell types (cartilage skeletal muscle cells and fibroblasts). 18) THP-1 cell size on CVM was larger than that in a culture flask, and F-actin was expressed in the THP-1 cell membrane (Fig. 5 ). The expression levels of cell adhesion molecules of THP-1 cells seeded on CVM, β-actin, β-catenin, and β1-integrin, were not significantly different from those in cells cultured in a flask, but the β2-integrin expression level in THP-1 cells significantly increased compared with that in cells cultured in a flask (Fig. 6 ). β1-Integrin, which was suggested to be involved in adhesion of THP-1 to collagen, 9) did not increase in this study. Affinity of β1-integrin to highdensity collagen fibers that consists CVM might be weaker than that to normal collagen fibers.
Increase of β2-integrin observed in this study suggested possible involvement of this molecule to adhesion of THP-1 cells to CVM. Further investigations (for example, β2-integrin function inhibitory using blocking antigen or expression knock down) are to be attempted to test the hypothesis. 
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